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INTRODUCTION 
The development of non-destructive testing techniques which 
provide reliable quantitative defect characterisation is of 
considerable importance. This is particularly so if full advantage 
is to be taken of fracture mechanics and if the concept of 
Retirement-for-Cause (RFC) is to be applied to critical aero-space 
components. 
In this paper ultrasonic techniques are presented which have 
been developed for the detection and characterisation of small 
surface defects in aero-engine turbine disks. These techniques 
use the reflection of surface waves and the phenomena of body-to-
surface mode-conversion found at surface breaking and near surface 
defects for features in the range 0.05 to 1.0 mm. 
The possibility of crack characterisation using these 
techniques is considered in the mid-frequency regime where the 
defect depth is comparable to or just smaller than the wavelengths 
involved. In this region it is not possible to use travel time 
methods for sizing; therefore ultrasonic spectroscopy was considered, 
in particular to look for indications of depth "resonances" in the 
spectrum of the received Rayleigh wave. 
The basic sensitivity of the mode-conversion techniques 
employed, in both contact and immersion is found to be very good. 
For example, using 5 MHz transducers for Compression-to-Rayleigh 
wave mode-conversion a 50 ~m deep 2D slot produces a signal 20 dB 
above noise. 
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When ultrasonic spectroscopy is employed in contact testing 
systems it is found that changes in coupling layer thickness and 
uniformity cause gross variations in the shape of the spectra, 
especially at higher frequencies. To overcome these problems 
immersion testing procedures based on leaky Rayleigh waves have 
been introduced, examples of which are presented. 
In parallel with the experimental studies numerical models, 
based on finite difference methods, have been employed to provide 
quantitative description of the waves in the systems under study. 
The Basic Mode-Conversion Technique 
In the numerical modelling work of Ilan et al (1979) on 
elastic wave scattering the configuration of a compression wave 
pulse incident on a surface-breaking slot was considered and the 
generation of strong Rayleigh waves by the crack observed. 
The possible use of these mode-conversion phenomena was 
considered and a pitch-catch (compression-to-Rayleigh wave) 
technique reported by Bond (1979). Extensions to this basic 
technique were reported in a paper by Ambersley et al (1980). The 
basic configuration employed is shown in Fig. 1. 
T 
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Fig. 1. Transducer configuration for the mode-conversion method. 
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The early work with this compression-to-Rayleigh wave 
technique indicated that the frequency content of the Rayleigh 
waves provided information that would appear to enable crack 
characterisation to be performed. The resonant behaviour of simple 
defects was therefore considered in more detail. For half-penny 
shaped cracks of depth (d) and aspect ratio of 2:1 theoretically 
predicted (Ayter and Auld, 1979) depth resonances occur at specific 
frequencies (F ) where: 
r 
Fr = Vr N (1) 
2d 
Vr 
or Fr = -- (2N-l) 
4d 
(2) 
and Vr is the Rayleigh wave velocity and N is an integer number. 
Equation (2) assumes that the crack tip is fixed, but that 
there is an anti-node at the crack mouth. 
To extract resonances from the captured Rayleigh wave spectra 
R(f) it is necessary to deconvolve these with a reference system-
response-spectrum SCf) that contains the effects of all the 
unwanted frequency dependent parameters in the experimental system. 
By so doing we obtain the crack response DCfl as 
D(f) = R(f) • 
S(f) 
(3) 
For any resonant cavity a parameter of importance is its Q. 
Theoretical values for the Q of a half-penny shaped crack are 
given by (Ayter and Auld 1979): 
N'II" Q=-
-lnp 
(4) 
where p = I R ± T I, Rand T being the reflection and transmission 
coefficients respectively at the crack edge. Typical theoret1cal 
values for N = 1 would be between 1 and 2.5. These are very low 
values for a resonator and in practice they would be even lower as 
the aspect ratio is increased, in which case the radius r is a 
function of the azimuthal angle $. Intuitively this would suggest 
a lower value of Q and also that there will be no discrete set of 
resonant frequencies but rather a band or continuum of resonant 
frequencies that would be a function of rC$}. 
To investigate the behaviour of waves at surface-breaking 
features a series of small 3-D saw cuts with depths ranging from 
0.2 to 0.9 mm and an aspect ratio of the order of 12:1 were 
prepared in Dura 1 blocks. 
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Experiments were performed with the configuration of Fig. 1, 
using relatively broadband transducers that had a 5 MHz centre 
frequency subject to short s?ike excitation. 
The reference signal employed S(f) was obtained by using 
the Rayleigh waves generated by mode-conversion of compressional 
waves incident from the base onto the right-angled apex of a wedge, 
Experimental results obtained are shown as figure (2). A 
definite shift towards the higher frequencies with decrease in 
crack depth is observed, within the bandwidth of the system. 
Rayleigh Wave Pulse-Echo Techniques 
since the observation of resonance behaviour has been reported 
by Singh and Singh (1980) for the case of Rayleigh wave pulse-echo 
measurements on 2D slots, this method was investigated 
experimentally for comparison with the mode-conversion technique. 
The Rayleigh wave transducer used was a broadband one with a 
5 MHz centre frequency. Also as before the captured signal spectra 
were deconvolved with a reference spectrum. In these measurements 
the reference signal was obtained from the reflection of Rayleigh 
waves at a sharp right-angled corner. Measurements were made for 
2D saw-cut slots in Dural blocks with depth between 0,3 and 0.8 mID. 
Depth In mm 
0.3 
I 
Fig. 2. The deconvolved crack response curves showing the 
frequency shift. 
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The defect response curves obtained for a number of these slots are 
shown in figure (3). After taking several measurements for each 
target it could be seen that each slot had its own particular 
signature, with repeatable features in the response curves, but 
that these features, such as dips and peaks, do not appear to 
correspond to the resonance positions predicted by equations (1) 
and (2). Thus interpretation of these features in terms of simple 
resonance model does not appear to be satisfactory. 
Leaky Rayleigh Wave Experiments 
Leaky Rayleigh waves are generally associated with systems 
where a bounded beam of ultrasound is incident from a liquid onto 
the surface of a solid at or near the Rayleigh angle, where in 
addition to the geometrically reflected wave, a leaky Rayleigh 
wave is excited by the incident wave (Neubauer, 1973; Bertoni and 
Tamir, 1973). 
But since strong compression-to-Rayleigh wave mode-conversion 
at a surface breaking defect in air is established, the excitation 
of leaky Rayleigh waves at such a surface defect with the test 
block immersed in water has been experimentally studied. 
Depth In mm 
2. 4. .8 (MHz) 
Fig. 3. Crack response curves showing the presence of distinct 
features. 
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The two configurations investigated are shown in figure (4). 
In figure (4a), when the compressional beam insonifies the defect 
the sharp descontinuities couple some of the energy into surface 
waves, but since the velocity of these surface waves (V), is larger 
than the velocity of sound in water (Vw?, energy will b~ partially 
radiated into the liquid at the Rayleigh angle (tr) [t r = arc sin ~which is approximately 300 for a water/Dural interface]. With 
VY/ 
the receiving transducer fixed at angle t relative to the normal 
to the block face, a strong signal is picked up from the crack as 
the transducer is scanned parallel to the block. If there is no 
crack present, assuming that the receiver is positioned such that no 
straight-through refracted signal is picked up, there will be no 
easily discernible indication of leaky Rayleigh wave generation. 
In the pulse-echo configuration of figure (4b), which has 
previously been applied to ceramics, the transmitter-receiver 
transducer is again fixed at the Rayleigh angle t r , and scanned 
parallel to the block. The backscattering from the block is very low 
and difficult to identify on top of noise, but as soon as there is an 
interaction with a surface feature such as a slot a very strong 
signal due to backscattered and reflected leaky Rayleigh waves is 
received. In the pulse-echo configuration of figure C4b) the signal 
of interest is typically larger than that obtained from the two 
transducer set-up of figure (4a) due to shorter water paths. Figure 
(5) shows the defect response curves obtained using the configuration 
of figure (4a) with 2D saw-cut slots in Dural blocks. These have 
been obtained by deconvolving the leaky Rayleigh wave spectra with 
a reference spectrum. A shift towards the higher frequency end of 
the spectrum is observable which is related to the decreasing slot 
depth. 
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Fig. 4. (a) Leaky Rayleigh wave generation in the pitch-catch 
configuration. 
(b) Leaky Rayleigh wave generation in the pulse-echo 
configuration. 
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, ... 
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Fig. 5. Response curves obtained from the leaky Rayleigh wave 
experiments. 
A leaky Rayleigh wave system would appear to have the potential 
to provide defect characterisation from the frequency content of the 
mode-converted waves and their spatial distribution. 
Numerical Modelling 
In parallel with the experimental studies, supporting 
theoretical study on pulsed compressional wave interaction with 
surface-breaking slots based on numerical finite-difference models 
has been performed (Ilan et al 1979). In the finite-difference 
technique a grid of nodes is imposed onto the region containing the 
slot and the continuous equations of motion are approximated by a 
centre-difference formulation. One such model was used to examine 
the frequency content of the mode-converted Rayleigh waves for 
different simulated slot depths. The incident compressional pulse 
is a smoothed delta function, thus having a broad frequency spectrum. 
The spatial and temporal dimensions and the material data in the 
model are chosen to simulate as closely as possible the real 
experimental situations considered. The vertical component of 
surface displacement at a node on the surface is recorded against 
time (figure (6c» and the portion corresponding to the Rayleigh 
wave eminating from the slot is analysed. After performing a Fast 
Fourier Transform on the signal and dividing it by the spectrum of 
the input pulse, the response curves shown in figure (6dl were 
obtained for three different depth slots. It can be seen that the 
number of features increases with defect depth and that there is a 
shift towards the high frequency end as the depth is reduced. As 
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Fig. 6. Numerical modelling results. 
(a) Vector plot showing the shape and position of the 
input pulse relative to the slot. 
(b) Vector plot of the scattered field after the 
interaction with the slot. 
(c) Vertical component of displacement on the upper surface 
at a node near the slot. 
(d) Numerical defect response curves obtained for three 
different depth slots. 
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with the experimental results, no agreement has been found between 
the position of these features and the resonances as predicted by 
equations (1) and (2), derived from simple crack resonance theory. 
Extension of the models to consider immersion configurations 
are in progress and these will be presented in due course. (Saffari 
(1984». 
Conclusions 
Three NOT techniques have been investigated, for use in both 
contact and immersion systems. It has been found that these 
techniques are very sensitive for detecting small defects in the 
mid-frequency range. The spectral and spatial information in the 
mode-converted wave field would appear to provide the basis for 
defect characterisation, although at present observed results are 
not in full agreement with the simple resonance theory available. 
Numerical model studies are providing useful insight into 
discrepancies between the simple theory and experimental results. 
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DISCUSSION 
From the Floor: Were these experiments done on models or graphs? 
L.J. Bond: The ones I've shown today were done on thin slot cuts. 
We have also looked at some real fatigue cracks. 
From the Floor: The ones you did on the slots, were those 
rectangular slots or elliptical? 
L.J. Bond: They were elliptical. They have a aspect ratio of 
about 12 to 1. We have a relatively large spinning saw which 
gives a slot of about 0.004". 
From the Floor: Have you got resonances on those elliptical slots? 
L.J. Bond: The best resonance features occur on two-dimensional 
features. In the three-dimensional case where the aspect ratio 
gets large, you just get a general shift in the center 
frequency. These were corresponding to cases where our feature 
was shallow. Under the numerical model, it indicated that we 
would expect to see a multiple resonance-type feature. 
From the Floor: From the reflected Rayleigh wave? 
L.J. Bond: From the reflected Rayleigh wave or in the compression 
to Rayleigh wave mode converted signal. 
B.A. Barna (EG&G, Idaho): Were the field code results you showed 
from your finite difference code? 
L.J. Bond: Yes. It is in a collection of programs that we call "used 
swaps" that we have done the Rayleigh wave and the compression 
and the shear wave and we worked with limited extent pulses. 
J.H. Rose (Ames Laboratory): In the U.S. program for inspecting disks, 
there's some talk of using eddy current, and I was curious if 
you have any idea for the comparison between eddy current 
inspection and Rayleigh wave? 
L.J. Bond: In terms of the sort of leaky Rayleigh waves, they are 
very sensitive. You've got very good signal-to-noise. We have 
got some real disks and we have not got a real defect in a real 
disk yet, so we are down to 0.004" deep source cut-off use 
and we can find them in real disks. So it seems as though you 
can get the sort of signal-to-noise which is comparable with 
anything that people can do with eddy currents, and it's in fact 
to be put straight into a conventional immersion system, so it 
is complimentary to what's already done. 
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J.R. Chamuel (Sonoquest): I have a question. The features that I 
observed from the crack were the function of the distance in 
the crack and the receiver. The reason is that the detected 
signal is a combination of converted shear wave and converted 
Rayleigh wave. 
L.J. Bond: The experimental results were always done at sufficient 
range that we could identify the Rayleigh wave component. Yes, 
there are some shear wave components that can be generated, 
which we would subsequently make clear. Intially we had some 
very strange results. In fact, we were looking at both. So, 
yes, we know that shear wave goes across as well. 
